Terahertz time-domain spectroscopy (THz-TDS) is a coherent measurement technology. Using THz-TDS, the phase and amplitude of the THz pulse at each frequency can be determined. Like radar, THz-TDS also provides time information that allows us to develop various three-dimensional THz tomographic imaging modalities. The three-dimensional THz tomographic imagings we investigated are: terahertz diffraction tomography (THz DT), terahertz computed tomography (THz CT), THz binary lens tomography and THz digital holography. THz DT uses the THz wave as a probe beam to interact with a target, and then reconstructs the three-dimensional image of the target using the THz waves scattered by the target. THz CT is based on geometrical optics and inspired by x-ray CT. THz binary lens tomography uses the frequency dependent focal length property of binary lenses to obtain tomographic images of an object. THz three-dimensional holography combines radar and conventional holography technology. By separating the multiple scattered THz waves of different scattering orders, we used a digital holography method to reconstruct the sparsely distributed scattering centres. Three-dimensional THz imaging has potential in such applications as non-destructive inspection. The interaction between a coherent THz pulse and an object provides rich information about the object under study; therefore, three-dimensional THz imaging is a very useful tool to inspect or characterize dielectric and semiconductor objects. For example, three-dimensional THz imaging can be used to detect and identify the defects inside a space shuttle insulation tile.
Introduction
The term terahertz (THz) was coined by submillimetre wave spectroscopists [1, 2] to describe spectral lines with frequencies in the trillions of Hertz. Today, THz is applied to broadband pulsed electromagnetic (EM) radiation that falls into the spectrum between the infrared and microwave bands ranging from 0.1 to 10 THz (see figure 1) .
The photon energies of THz radiation range from 0.4 to 80 meV, which corresponds to the range of fundamental energies associated with changes between molecular energy levels [3] . When THz photons interact with a molecule, the molecule may absorb the THz photons with particular energies and change its quantized states; these state changes may be vibrational or rotational. Many materials have fundamental energies in the THz range. For example, ammonia molecules have rotational transitions at 0.572, 1.168 and 1.763 THz [4] . Wittli et al measured the absorption spectra of highly oriented Li-DNA and Na-DNA films and observed various vibrational modes. The lowest infrared active modes were found at 1.35 THz and 1.23 THz for Li-DNA and Na-DNA, respectively [5] . Water has strong broad vibrational (1.95 THz) and stretching (6 THz) modes [6] . The absorption of THz photons is likely to produce changes in the rotational or even vibrational states of molecules, and therefore, THz radiation is well known to have potential applications in materials science [7] , astronomy [8] and biomedical [9] fields.
Despite being of great interest since the 1920s [10] , THz waves still remain one of the least tapped regions of the EM spectrum. The THz band is an interesting portion of the EM spectrum because it is the region where electronics and optics meet. The EM waves extending to the microwave range can be generated using high frequency electronics, while the infrared region is only accessible by thermal or photonic devices.
More recently, an efficient quantum cascade laser [11, 12] was used to generate coherent THz radiation. Hu and co-workers [13, 14] has reported a 3 THz quantum cascade laser based on longitudinal-optical phonon scattering. This device can be operated at temperatures up to 90 K and can emit a peak power of 2.5 mW. As more efficient THz sensors and sources become available, there will be increasingly more research emphasis being placed on THz waves to explore the unique science and application for future technology.
Review of THz imaging
One of the most important applications of EM waves is imaging. Like EM waves in other frequency ranges, THz waves can also be used in imaging. In comparison with the EM radiation used in other imaging modalities, the use of the THz frequency band has several advantages.
First, terahertz time-domain spectroscopy (THz-TDS) [16, 17] , is a coherent measurement technique that provides a measurement of the THz electric field E THz (t) rather than the intensity |E THz | 2 . As a result, the phase information is preserved, and one can obtain both the real and imaginary parts of the THz wave at each frequency via Fourier transformation. Therefore, by measuring the THz signal reflected from or transmitted through the sample, one may determine the sample's complex dielectric function without having to resort to the Kramers-Kronig relation. The multireflection information in the THz-TDS can be further exploited to extract the sample's structural information [18] , which can be used in image processing to improve the image accuracy and quality.
Second, in imaging applications, it would be valuable not only to generate the geometrical image of the sample but also to perform spectroscopic analysis and identification. The broadband nature of THz radiation can be used to obtain this spectroscopic information; each measured THz waveform contains all the relevant frequency information within its frequency band. For over a decade, ultrashort THz pulses have been investigated for applications including measuring the optical properties of materials in the submillimetre wavelength region, tissue burn diagnostics and DNA analysis [4, 19] . Mittleman et al [4] demonstrated the real time gas mixture analysis using THz-TDS. Brucherseifer et al [20] have undertaken the time-resolved THz transmission analysis of polynucleotides, which confirms that the complex refractive index is strongly dependent on the hybridization state of DNA molecules. Using the transition frequency and complex refractive response function, it is possible to identify the chemical components of a sample or map the spatial distribution of the chemical composition.
Third, THz photons have far less energy than those of x-rays (1 keV) and, therefore, do not impose an ionization hazard to biological objects; this is very attractive to medical in vivo imaging.
In the past decade, various THz imaging techniques have been developed since Hu and Nuss [21] first demonstrated THz imaging in 1995. Notable developments include tomographic imaging [22] , near-field imaging [23] [24] [25] , single-shot imaging [26] and time reversal imaging [27] . These early experiments demonstrated the utility of a far-infrared imaging system in applications as diverse as moisture analysis, package inspection, biomedical diagnosis and gas sensing [28] [29] [30] [31] .
Tomography refers to the cross-sectional imaging of an object by measuring either the transmitted or reflected illumination. Three-dimensional THz tomography coupled with spectroscopic analysis has many potential applications such as mail package examination, security screening and nondestructive inspection [32] . In 1997, Mittleman et al [22, 33] demonstrated THz tomography, in which the three-dimensional image of a floppy disk was successfully reconstructed using the reflected THz pulses via a digital signal processing (DSP) algorithm. However, this type of tomography is only good for layered targets with well-defined boundaries. This early THz tomography was based on three assumptions: (1) the targets have no dispersion and diffraction, (2) the reflection is so weak that multi-reflection can be neglected, and (3) the refractive index is uniform within each layer. These assumptions restrict the applicability of this tomographic technique and exclude the possibility of spectroscopic analysis. To extend the applicability of THz tomography, it is necessary to set up new THz tomographic modalities that are based on more realistic assumptions. In this paper, we have proposed several THz tomographic modalities derived from diffraction theory, and experimentally studied these modalities. This will allow diffraction and dispersion to be considered without restricting the target's geometrical structure.
Organization
Because all THz tomographic modalities are valid only under certain physical conditions, studying these conditions is very important in order to implement THz tomography. Section 2 starts with basic wave diffraction and scattering theory and is then followed by a detailed mathematical derivation towards the tomographic reconstruction. Finally, under realistic assumptions, each THz tomographic modality in this paper has been equipped with a mathematical model, which can be used to form a tomographic reconstruction algorithm.
Section 3 demonstrates THz diffraction tomography (THz DT). Based on the mathematical model for THz DT, we set up and characterized the THz DT system and investigated the relationship between the image quality and the THz frequency.
Section 4 discusses THz computed tomography (THz CT). According to the mathematical model for THz CT, we designed an imaging system that allowed us to investigate THz CT experimentally. In this section, we study the THz spatial resolution and the extraction of the THz spectroscopic information. We also demonstrate high resolution THz CT.
Section 5 studies THz tomography with a binary lens. To apply the THz binary lens into imaging, we first characterized THz binary lenses and then imaged a target consisting of three two-dimensional objects onto a fixed image plane using an eight level binary lens. In this section, we focus on the depth resolution of THz binary lens tomography and also investigate the image quality as a function of the THz wave frequency.
Section 6 demonstrates three-dimensional THz digital holography. We started with a study of the THz wave multiple scattering process and then adopted a windowed Fourier transformation algorithm to reconstruct the three-dimensional image of sparsely distributed scattering centres. The image quality of this THz tomography is also investigated in this section.
Section 7 discusses the applicability of all the THz tomographic modalities investigated in this paper.
In this section, we discuss the potential application of threedimensional THz imaging. The limitations of the current three-dimensional THz imaging technologies have also been presented in this section. To overcome these limitations, we propose future research work in the field of THz threedimensional imaging.
Three-dimensional THz imaging modalities

Basic wave equations for THz imaging
The purpose of creating the three-dimensional image is to 'see' or map the three-dimensional spatial variation of an object's physical properties. When a THz wave propagates through a target, both the amplitude and phase will be modulated by the target. This sort of modulation, namely the scattering, depends on the complex refractive index distribution function of the target. The relationship between the THz wave distribution function and the target's refractive index function can be described by Maxwell's equation [34] :
where r denotes a point in space, c is the speed of light in vacuum and (r) and µ(r) are the complex dielectric constant and magnetic permeability function, respectively. If the values of and µ change slowly over a wavelength of the input EM wave, then ∇ ln = ∇ ln µ ≈ 0. Equation (1) can then be reduced to
whereñ = √ µ is the refractive index of the medium. In the case, where the polarization effects of the wave can be neglected in the temporal frequency domain, equation (2) can be written as the scalar Helmholtz equation,
where u(r) is the complex amplitude function of the EM field, and k 0 = 2π/λ represents the wave number of the EM wave in vacuum. The assumption of neglecting polarization and a slow refractive index change is valid in many imaging applications [35] [36] [37] . Therefore, equation (3) is widely used in tomography [38, 39] . In this paper, we concentrate on imaging dielectric objects with low refractive indices and therefore we commence three-dimensional THz imaging research with equation (3) . This equation forms the cornerstone of all the imaging modalities in this paper. The purpose of THz imaging is to determine the refractive index function n(r) using the measured THz wave amplitude and phase distribution function u(r), namely to resolve the inverse scattering problem [40] . It is customary to write equation (3) as
where
The solution of equation (5), u(r), can be considered to be the sum of two components u 0 (r) and u s (r). The component u 0 (r) is the incident field without any target present or equivalently a solution to the equation
Substituting equation (6) for u 0 (r) and the sum presentation for u(r) into equation 4, we get the following wave equation for the scattered component alone:
The solution to equation (7) can be written in terms of the Green function [41] 
where the Green function is written as
However, the integral part of equation (8) contains the term u s (r) in the term for the total field, u(r) = u 0 (r)+u s (r). We still need to solve this equation for the scattered field. This problem can be resolved using the Born or Rytov approximations.
The first Born approximation.
The first Born approximation was introduced by Max Born [42] in 1925 in order to solve problems concerning the scattering of atomic particles. In quantum mechanics, the scattered particle wave function satisfies the Schrödinger equation that takes the same form as equation (7) . Its solution is known as the LippmannSchwinger integral equation [43] and can be written in the same form as equation (8) . Equation (8) can be expanded into the Born series
with
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where u j (r) is the j th-order scattered field. While using higher order Born series does provide a good approximation for the scattering problem, the reconstruction algorithm based on this series becomes too complex to handle. If the scattered field |u s | is much smaller than the incident field |u 0 (r)|, the scattered field can be well approximated by the first-order scattered field, namely the first Born approximation:
The condition to use the first Born approximation is [44, 45] 
where d is the size of the target and δn is the refractive index change. This condition clearly implies that the first Born approximation prefers longer wavelengths for a given target. If we use a 0.1 THz wave to image a target with a refractive index of 1.5, then the size of the target inferred form equation (13) should be smaller than one millimetre.
The first Rytov approximation.
The first Rytov approximation [46] was invented by Sergei Mikhailovich Rytov. This approximation assumes that the incident wave perturbation caused by the objects can be described by a phase change in the incident wave along its propagation path. It is derived by considering the total field to be a complex phase function [35] 
Combining it with equations (6), (7) and (14), we can reduce equation (7) to
Under the assumption that the gradient of the scattered complex phase φ s (r) is slow, we can obtain the scattered phase solution in the form of the first Rytov approximation:
Thus, the complex phase of the scattered field is given by,
Since the first Rytov approximation is considered to be more accurate than the first Born approximation, it should provide a better estimate of the scattered wave. Starting from the Rytov approximation, we can render the Rytov solution into the Born solution. When the scattered phase is just a very small disturbance, the first Rytov approximation is equivalent to the first Born approximation. For φ s (r) φ 0 (r), expanding the exponential term in equation (14) and throwing out all but the first two terms, we find that
This solution is the same as the first Born approximation.
The first Rytov approximation is valid under a less restrictive condition than the first Born approximation [47] . This condition requires
where ∇φ s (r) is the phase change over one wavelength. In contrast to the valid condition for the first Born approximation, the condition shown in equation (19) does not limit the target size. It just requires that the refractive index changes slowly over a wavelength in the object space. Equation (19) also suggests that the Rytov approximation prefers longer wavelengths. Although Born and Rytov approximations resolve equation (3) through different routines, the forms of the final solution are same. Both solutions are proportional to a convolution between the Green function and the imaging function, which is a product of the object function and the incident wave function. The same solution form of both the first-order Born and Rytov approximations provides a common base for most reconstruction algorithms in various tomography modalities.
THz diffraction tomography
In THz DT, using a planar THz wave to illuminate a target, we want to extract the target structure information by measuring and processing the diffracted THz distribution. Excluding the real source region and ignoring the polarization, the THz wave satisfies equation (7) . According to equation (12) , the scattered field distribution is
The most important task of DT is to relate the scattered wave measurement to the object function mathematically [48] . Figure 2 shows the classical DT measurement configuration using a monochromatic planar wave u 0 (r) = exp(ik 0 s 0 · r). The diffracted THz wave is measured on a plane perpendicular to the direction of incidence s 0 at z = d away from the object. The Green function in equation (20) can be written in the Weyl representation of a spherical wave [34] , which for z > z takes the form
where r = xs 1 + ys 2 + zs 0 ; then
By inserting equation (21) into equation (20), we obtain
Carrying out the r integration, equation (23) is reduced to a simpler form
wherẽ
is the three-dimensional Fourier transform of the object function. Performing a two-dimensional Fourier transform on both sides of equation (24), we find that
Equation (26) relates the scattered wave (u s ) function on the measurement plane z = d to the object function V (r), as shown in figure 2 . The relation between the object function and the scattered wave is given by the Fourier diffraction theorem [44, 49] . The statement of the theorem is When an object is illuminated with a planar wave as shown in figure 2 , the Fourier transform of the forward scattered field on the measurement plane is proportional to the three-dimensional Fourier transform of the object function on a displaced hemisphere in the frequency domain (see figure 3) . The displacement is a negative incident wave number from the origin along the incident wave direction.
In the two-dimensional space case, using the twodimensional Green function [44] (27) and performing the same calculations, we obtain u s (r ) = iπ Equation (28) is the same as equation (26) withβ = 0. Therefore, when an object is illuminated with a planar wave in two-dimensional space as shown in figure 4 , the Fourier transformation of the scattered wave measured on the line T T is proportional to the two-dimensional transformation of the object function along a semicircular arc in the object frequency space [44] . Although the Fourier diffraction theorem is derived from the first Born approximation, the same theorem can also be derived using the first Rytov approximation. This can be done by replacing the left-hand side of equation (24) with the two-dimensional Fourier transformation of the term, u 0 φ s (see equation (16) ), which is the product of the incident wave and scattered phase disturbance. According to the Fourier diffraction theorem, we can map the object function in the spatial frequency domain. The object function can then be recovered in the spatial domain using a reverse Fourier transformation.
For THz pulses, we can perform the Fourier transformation to obtain the THz field distribution in the frequency domain. Each THz frequency component can be treated as an independent wave and processed independently. When an x-ray is propagated through an object, its attenuation, or object projection, is the line integral of the object function f (x, y) along line L, which is determined by the line orientation angle θ and the offset t from the object origin.
Finally, we are able to obtain the reconstructed DT images at each THz frequency, which can then be used to extract the spectroscopic response distribution for an object under study. A detailed description of a THz DT experiment can be found in section 3.
THz computed tomography
THz CT is inspired from x-ray CT. In x-ray CT, when an xray is transmitted through an object as shown in figure 5 , its attenuation can be described by a line integral of the object function f (x, y) along its path,
where P (θ, t) is the attenuation of the x-ray along its path l and is referred to as the object projection. Equation (29) is called a Radon transformation. The Fourier transformation of equation (29) is
where ν = 2π/t is the spatial frequency along the measurement line A-A and η = ν sin(θ) and ξ = ν cos(θ ) are the spatial frequency components along the x-and y-directions, respectively. Equation (30) shows that the Fourier transform of the Radon transformation is the twodimensional Fourier transform of the object function. The P (θ, t) function can be obtained by measuring the signal at various θ and t by rotating the source and detector. In this way, the object function in the (x, y) domain can be mapped onto the (θ, t) domain. Performing the reverse Radon transformation, the object function can be reconstructed. The reconstruction algorithm can be described in the (θ, t) coordinate system as
This x-ray CT algorithm has been successfully applied in hospital diagnostics.
We are now tempted to apply the same reconstruction algorithm to THz CT. However, THz beam propagation cannot be accurately described by a straight ray-line that is valid for x-rays. The wavelength of the THz beam is larger than that of x-rays by seven orders magnitude, so the diffraction or scattering effect may blur or deform the reconstructed image. To formulate the reconstruction algorithm for THz CT, we resort to diffraction theory to build a mathematical model for THz CT.
We assume that the average optical density of the sample is very close to the background; thus the diffracted THz field can be described by the first Rytov approximation [50] :
and
For a THz Gaussian beam and a target, we assume:
(1) The target is smaller than the Rayleigh range of the THz beam. (2) The beam can be well described by a planar Gaussian beam within the Rayleigh range.
Under the above assumptions,α =β ≈ 0 andγ
can be expanded in a Taylor series as
When the second term is much smaller than 1, the first term is expected to be the dominant term. Using the first term, we can further simplify equation (34) as [50] 
Theα andβ integration can be evaluated using the Fourier representation of the Dirac delta function, which is
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Topical Review Inserting (37) into (36) and using k to replace γ , we find
Therefore, the measured phase term at (x, y, l) can be written as
where L is the THz propagation path. Recalling that
When n ≈ 1, δñ(ω, r) =ñ(ω, r) − 1 is small and the term n(ω, x, y, z ) 2 − 1 can be well approximated bỹ
Combining equations (41), (40) and (32), we obtain
Equation (42) shows that the total change of the scattered THz complex phase is equal to a line integral of the refractive index change function. Equations (42) and (29) have identical forms; therefore, the complex phase can be used to reconstruct the THz CT image in the same way as in x-ray CT. Equation (42) is one of the most important results in this paper. It provides us the proof that the x-ray CT reconstruction algorithm can be used in THz CT. In THz CT, the reconstructed object function is the complex refractive index change function of the object. The complex refractive index function can be decomposed into a sum of real and imaginary parts;
The extinction coefficient κ is related to the absorption coefficient α by
Using equations (43) and (44), we can write the phase and absorption coefficient projection measurement shown in figure 5 as
where P φ is the phase shift after a THz beam propagates through an object along the beam path L, and P α is the logarithm of the THz beam transmission. Here, we use the THz harmonic component at frequency ω.
If the target has no dispersion in the THz frequency range, i.e. the refractive index and absorption coefficient are frequency independent, we can extract the refractive index change in the time domain directly . The time domain THz field can be written as
The shape of the THz pulse does not change except for being delayed by τ and attenuated by a factor of exp(−ρ). The peak time of the THz pulse can be used to determine τ , which can be used accordingly to reconstruct the THz CT image. This paper will demonstrate THz tomographic image reconstruction using the THz phase and peak time in section 4.
THz tomography with a binary lens
The diffraction tomographic image can also be acquired using optical diffraction elements such as binary lenses. A binary lens is a Fresnel zone plate with phase or amplitude modulated patterns formed by a series of concentric ring structures. It is well known that the focal length f ν of a binary lens is proportional to the frequency of the incident wave [51] .
where r 2 p is the Fresnel lens zone period with a dimension of area. For convenience of imaging analysis, we write equation (50) in terms of the wavelength;
In the case of a single wavelength beam under the paraxial ray approximation, a binary lens imaging system functions as a conventional lens and a two-dimensional object and its image satisfy the lens law,
where d o is the distance between the lens and the object and d i is the distance from the image to the lens. If we fixed the image plane and altered the beam wavelength, due to the wavelength-dependent focal length, the object distance must also be changed so that its image still remains on the fixed imaging plane. In such an imaging system, the relation between the object distance and the beam wavelength can be obtained by combining equations (51) and (52) . This yields
In a binary lens imaging system using a wavelength λ, only the two-dimensional object at the position d o that satisfies equation (53) can be well imaged onto the fixed image plane. This implies that the d i correspond uniquely to the ν. For a target consisting of multiple two-dimensional objects, using a Fresnel lens at different frequencies, we are able to image the objects at various positions along the beam propagation path onto the same image plane. Figure 6 shows that two targets can be imaged onto the same fixed image plane using a binary lens. We now consider three-dimensional imaging using a single conventional lens shown in figure 7 . Here, we consider the object as a volume integral of continuous scattering centres. We assume that the object scatters the incident wave weakly; therefore, we only consider the first-order scattering. For multiple scattering, the last scattering will obliterate the information of the previous scattering, which imposes extra complexity on the reverse scattering problem and will be discussed in section 3.
The coordinate system we used can be seen in figure 7 . The object space is denoted by (x o , y o , z o ) and the image space is denoted by (x i , y i , z i ). Using the first Born approximation described in equations (12) and (21), the scattered field distribution before the lens
where u 0 (r o ) = exp(j kz) is the plane incident wave propagating along the z-direction. Equation (54) shows that each point in the object can be considered as a virtual point wave emitter that emits spherical waves. The point source at Figure 6 . Two objects can be imaged onto the same image plane using a two-wavelength beam, via a binary lens.
Figure 7.
In a single lens imaging system, a point P in the object space can be considered to be a virtual emitting centre and its image P * is observed in the image space. The lens has a pupil function of
This emitting point centre emits a spherical wave with a spatial phase shift jkz 0 . The image of the object can be reconstructed by assembling the images of all the virtual emitting centres. The wave field distribution on the fixed imaging plane for such a spherical emitting centre can be described by the following equation [54] :
where d 1 is the distance from point P to the lens and d 2 is the distance between the image plane and the lens. Equation (56) determines the field distribution in the image space resulting from a point source located at (x o , y o , d o ) in the object space. Figure 8 shows that the field energy is mainly focused on a small region centred at the point where the point source and image point satisfy the following relation:
The above relation reflects the lens law exactly. Figure 8 also implies that the neighbouring points of a particular point source U P have a major contribution to the image field of this 
We are now in a position to discuss THz tomography using a binary lens. Our ultimate goal is to extract the desired sectional image. We only consider the object region that can be approximated:
where d 1 is given by
For convenience, we set the origin of the object space at the point on the lens axis at a distance d 1 from the lens. Accordingly, we have
where the image magnification factor is
The image field is the summation of the image field contributed by all the virtual point sources, and can be written as a threedimensional integration;
It is useful to introduce dimensionless variables χ , ξ and η to specify the positions x, y and z:
Together with k = 2π i/λ, equation (66) can be written as
If we use the THz intensity to form the image, the quadratic phase term outside the integration can be dropped. Thus, we can simplify equation (68) to
The object function can be expressed in the spatial frequency domain as
The spatial spectrum of the object function is given by the Fourier transform of the object functioñ
Substituting equation (70) into equation (69), the THz image field on the fixed image plane is
Performing the integration in the object space yields
where ζ can be regarded as the virtual offset of the fixed image plane or the two-dimensional object plane along the z-axis; the offset can be determined by using the lens law. Here, the image field is given by the three-dimensional inverse Fourier transform of the three-dimensional object spatial spectrum multiplied by the function c(m, n, s + 1). The object function at the d 1 plane can be extracted by setting η = 0,
where F −1 and F denote the reverse and forward Fourier transforms, respectively. In this way, we can extract the two-dimensional sectional image described by equation (53) corresponding to λ = λ 0 . Based on the measured image at each wavelength, we can carry out the tomographic target reconstruction by assembling the frequency-dependent images according to their magnification factors. This procedure also provides a much simpler tomographic reconstruction algorithm compared with that of general tomographic techniques. Minin et al [55] have demonstrated threedimensional imaging in the microwave frequency range using this principle.
THz three-dimensional digital holography
Digital holography records holograms using a CCD, and then employs a computer to perform the reconstruction of these digitized holograms according to Fourier optics theory [56, 57] . In contrast to conventional holography, digital holography is intrinsically compatible with today's information technologies in that digitized holograms can be directly subjected to processing, transmission and storage via a computer. The rapid progress in computer and information technology has made digital holography more practical in three-dimensional imaging [58] , information security [59] and holographic television [60] applications. To generate holograms, not only the intensity but also the phase distribution must be recorded. In most common holographic technologies, both the intensity and phase distribution are measured by recording the image of an interference pattern between the object and reference waves. THz-TDS is a coherent measurement technology, providing the measurement of both the amplitude and phase for the THz wave at each frequency. This is very attractive in holographic applications because the THz holograms can be directly recorded without the use of interferometric measurement and often leads to a more reliable hologram. Ruffin et al [27] have demonstrated time reversal imaging that can be considered two-dimensional holographic imaging in the time domain. In addition to the phase and amplitude information at each frequency, THz pulses also contain temporal information that may be used to reconstruct three-dimensional holographic images. For example, when THz pulses are scattered by multiple scattering centres, the peaks of the scattered pulses will be measured at different time delays depending on the scattered wave propagation paths. These time delays can then be used to separate the pulses propagating along different scattering paths, and thereby the depth information of the scattering centres can be extracted. Dorney et al [61] have demonstrated reflection mode Kirchhoff migration imaging, in which the time information was used to separate pulses reflected from different layers.
Here, we study the target consisting of small point scattering centres, between which the distances are much larger than the wavelength as shown in figure 9 . In this case, we can rewrite equation (7) as
where B l is the scattering potential at the scattering centre l. According to equation (8), the solution of the equation (77) can be written in the Born series
where u j (r) is the j th-order scattered field, which is the wave that has scattered j times, which results from one more scattering of the wave that has been scattered j − 1 times. The result can be interpreted in terms of the Huygens principle. When a wave passes through an object consisting of scattering centres, every scatterer in the object produces a scattered field that is proportional to the scattered potential at the site of the scatterer. Each of these partial scattered fields interacts with other scatterers and the total field is the sum of these partial scattered fields. Supposing that all the scatterers are equal, the scattering potential can be written as
where δx is the size of the scatterer. Equation (79) can be simplified to
According to equation (78), the total scattered field can be expressed as
If we shoot a pulsed planar wave through these scatterers, using equation (47), the total scattered field becomes
Equation (84) shows that the scattered pulsed wave has an extra multiple time delay δx/c. For example, in figure 9 , the pulse W 0 represents the transmitted wave without any scattering and the extra scattering time delay is zero. The W 1 pulse experiences one scattering and the extra delay caused by the scattering is δx/c. The W 2 pulse is scattered twice and the scattering delay is 2δx/c. W 3 experiences three scatterings and the scattering delay is 3δx/c, and so on. Because we are able to measure the THz wave form in the time-domain, according to the scattering delay, it is possible to separate the scattered waves that experience different scattering paths, so long as the THz pulse is short enough. We assume that each scattering erases the scatterer position information of the previous scattering, and therefore, the scattered wave only contains the scatterer position information of the latest scattering. After we separate the scattered pulses with different scattering orders according to their scattering delays, we may identify the scattering paths. For a scattered wave with j th scattering order, we can pick out one frequency to reconstruct some of these scatters according to the back propagation algorithm [52] . The back propagation algorithm is derived from the Huygens-Fresnel principle [53] . According to this principle, Figure 10 . Reversing the propagation direction of the forward waves emitted from point centres will result in the wave propagating back to emitting centres. the scattered wave can be predicted by the RayleighSommerfeld diffraction formula [54] ,
where r 01 is the distance between the measurement point and a point in the target,n the normal to the measurement surface and A the measurement surface. For any solution u(k, r) of equation (3), u(−k, r) is also a solution. Based on the measured scattered wave, we can reconstruct the scattering centre by reversing the wave propagation direction and using equation (85) to predict the scattering centre distribution. Such a procedure is depicted in figure 10 and is called back propagation reconstruction. After reconstructing all possible scattering paths, the three-dimensional scattering centre distribution can be reconstructed, i.e. the threedimensional THz holographic image of the scattering centres is obtained.
Terahertz diffraction tomography
THz DT system
Based on the tomographic imaging principle described in section 2, we designed a THz DT imaging system. This system includes a femtosecond laser, a planar THz beam generator, a target position controller and a two-dimensional THz measurement unit. A schematic of the THz DT imaging system is shown in figure 11 . In this system, the femtosecond laser unit consists of a Mai Tai Mode-locked Ti : sapphire laser and a Hurricane Ti : sapphire regenerative amplifier (SpectraPhysics). This laser unit is capable of generating 800 nm pulses with duration of 130 fs. The pulse energy and repetition rate are 700 µJ and 1 kHz, respectively. The laser beam coming from the laser unit is split into a pump beam and a probe beam via a polarizing cubic beam (CB) splitter. The intensity ratio between the pump beam and the probe beam can be adjusted by rotating the half-waveplate (HW). The pump beam is expanded by a negative lens L4 and then incident onto a 2 mm 110 ZnTe electro-optic (EO) crystal, where the THz beam is generated via the optical rectification mechanism [62] . The generated THz radiation is collimated by a 90˚off-axis parabolic mirror. The collimated THz beam illuminates the target, where the THz beam is scattered. The scattered THz radiation is reflected by a tin doped indium dioxide (ITO) Figure 11 . Schematic of the THz diffraction tomographic imaging system. CB is a polarizing cubic beam splitter, M2-M5 are dielectric mirrors, and L1-L4 are lenses. A home-build synchronizer is used to generate the CTP and CIATP used to trigger the optical chopper and CCD camera, respectively. A computer controls the translation stage and the optical delay line consisting of mirrors M3 and M4.
THz mirror, from which the THz beam combines with the probe beam. The probe beam is expanded to a 2.5 cm (1/e) Gaussian beam by a telescope beam expander consisting of a negative lens L1 and a positive lens L2. The probe beam and the scattered THz beam propagate collinearly through a 4 mm thick, 2 cm diameter 110 ZnTe crystal. Due to the EO effect [63] , the polarization of the probe beam is modulated by the THz two-dimensional diffraction pattern formed on the ZnTe crystal; thereby the THz diffraction pattern is encoded onto the probe beam. The polarization modulation can be measured via an analyser P2, whose polarization is perpendicular to that of the polarizer P1. Lens L3 is used to focus the probe beam that carries the THz diffraction pattern onto the CCD camera. The target can be rotated along the y-axis, and moved along the x-or z-axes by a position controlling system consisting of a rotational and two linear translation stages. The two-dimensional CCD THz wave measurement [64] used in this imaging system is based on the crossed polarizer EO sampling, which has been studied by Jiang and Shames et al [65, 66] . Here, we use their research results without further proof. In a CCD detector chip, each pixel can be regarded as a detector and the measurement of each pixel can be written as
where (m, n) is the pixel index, I 0 the input light intensity, η the depolarizing scattering coefficient, 0 the optical bias resulting from the residual birefringence of the ZnTe sensor and the birefringence induced by the THz field. The THz field modulation depth is defined as
Generally speaking, 0 , and η are all much smaller than 1; therefore equation (88) can be approximated as
In a typical case where 0 = 10 −2 , = 10 −4 and η = 10 −4 , the modulation depth is only 0.5%. The CCD camera used in our imaging system (EEV 576 × 384, Princeton Instruments, Inc.) has a full well capacity of 400 000 electrons. With the modulation depth of 0.5%, the highest signal-tonoise (SNR) that can be achieved is not greater than 3. While the multi-channel lock-in amplifier is still not available, in order to obtain two-dimensional THz measurement with good contrast and high SNR, we use the synchronized dynamic subtraction measurement technique, which is based on the previous dynamic subtraction THz measurement [67] . Because of the low repetition rate of the Hurricane laser pulses, the phase uncertainties among the laser pulses, chopper trigger pulses (CTP) and CCD image acquisition trigger pulses (CIATP) result in a large fluctuation in the twodimensional THz measurement. To suppress this uncertainty, we need to precisely control the phases of the CTP and the CIATP.
The image acquisition procedure is shown in figure 11 . The synchronizer sends CTP and CIATP to the optical chopper and the CCD camera, respectively. The frequency of the CIATP is exactly twice that of the CTP. Using laser pulses as a reference clock to synchronize the chopper and CIATP, we realized a phase sensitive measurement, which is equivalent to a multi-channel lock-in. The THz beam on-off sequence and the CCD image acquisition sequence are shown in figure 12 . In each chopper rotating period, the chopper sets the pump beam on and off with a 50% duty cycle, i.e. the THz beam is on for the same amount of time as it is off. During this period, the CCD takes two frame images; one corresponds to the image when the THz beam is on and the other corresponds to the one when the beam is off. The computer subtracts one image from another and then outputs the resulting image. This THz image measurement repeats N times with the final image result being the mean of the N measurements. The entire image procedure can be expressed as
where f 0 is the image acquisition frequency, which is the inverse of the image acquisition period δt; DF T denotes the discrete Fourier transformation. The acquisition frequency can be written as f 0 = 1/δt, which is smaller than the repetition rate of the laser pulses. It is obvious that the measurement represented in equation (89) picks out the signal component that is modulated at a frequency f = f 0 /2. This measurement is the same as the one measured using a multichannel lock-in with a reference frequency of f = f 0 /2. Using the synchronized dynamic subtraction two-dimensional THz measurement, we improved the SNR of the THz DT imaging measurement to 120, which allows us to experimentally investigate THz DT.
Aluminium mask Figure 13 . Schematic illustration of Young's double slit interference experiment for THz waves in the time domain.
THz diffraction measurement
In THz DT, the tomographic image is based on THz diffraction measurement. Unlike the conventional diffraction measurement in the frequency domain, the THz diffraction measurement is performed in the time domain. The THz diffraction pattern in the frequency domain can also be observed through a Fourier transformation of the time domain THz measurement. In order to evaluate the THz DT imaging system, we observed Young's double slit interference in the time domain as shown in figure 13 . The sample is a 0.17 mm thick aluminium foil mask with a double slit. The width of each slit is 1 mm, and the distance between the two slits is 6 mm. The propagation distance of the diffracted THz wave from the mask to the ZnTe sensor is 48 mm. The measured THz wave diffraction pattern is recorded on the surface of the ZnTe sensor at various time delays as shown in figure 14 . As the time delay increases, the number of interference peaks or valleys increases, and the separation between the interference peaks decreases. This observation indicates that the low frequency components mainly show up in the earlier time delays, and the high frequency components sustain for a relatively longer time duration. Figure 15 shows the THz diffraction pattern along the diameter of the ZnTe sensor in the x-direction. If we normalized the amplitude of all the constructive peaks, we can observe the diffracted wave front as shown in figure 16 .
To study the resolution of the imaging system, we investigated the spatial frequency response of this imaging system. A convenient method of doing this is to analyse the THz interference pattern in the frequency domain. After the Fourier transformation of the THz waveform at each pixel, we obtained Young's interference patterns in the temporal frequency domain. Figure 17 shows the Young's interference pattern on the ZnTe surface at four different frequencies. Young's double slit interference theory shows that the separation between the constructive peaks is proportional to the incident wavelength. The separation between the constructive peaks versus the THz beam frequency is shown in figure 18 . The experimental result fits the theoretical prediction very well.
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Topical Review Using the Young's double slit interference patterns at various THz frequencies, we characterized the performance of the THz DT imaging system. In the spatial frequency domain, a double slit shows a one-dimensional spectrum along the x-direction. According to the Fourier theorem as stated in section 2.2, the Fourier transform of the diffracted wave along the x-axis of the ZnTe sensor corresponds to the projection of the Fourier transform of the object function on a semicircular line with a radius of k 0 . Therefore, we can directly compare the spatial frequency spectrum of the THz interference measurement with that of the double slits to investigate the performance of the DT imaging system. The spatial spectrum comparisons of the diffraction measurement and the object function are shown in figure 19 . The direct comparison shows that the bandwidth of the imaging system is increasing with the THz frequency. Also, the SNR plays an important role in determining the bandwidth. Due to the poor SNR, we are not able to measure the bandwidth for THz waves at frequencies higher than 2 THz. Figure 20 shows the measured relative bandwidths at various THz frequencies. The relative bandwidth is defined as the ratio of the full-width at half-maximum of the measured spectrum profile and that of the object spectrum profile. The spectrum profile here is the Gaussian fit of the spectrum envelope.
THz diffraction tomography
The first sample used to demonstrate THz DT was an object composed of three rectangular polyethylene cylinders.
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Topical Review The three cylinders were arranged in a triangle, and each cylinder had a width of approximately 2 mm. The side and top schematic views of the sample are shown in figures 21(a) and (b), respectively. The sample had a constant cross section that did not vary with height. The refractive index of polyethylene is 1.5. During the imaging set-up characterization procedure, we used the THz beam generated by optical rectification, which allows us to reach higher THz frequencies. However, according to the valid condition for the first Born approximation as discussed in section 2.1, a long THz wavelength is better for imaging an object with a size of 2 mm. Initially, we preferred to use the first Born approximation; therefore, in the DT experiment, we used a GaAs photoconductive antenna to generate the THz wave, which has a large amount of lower frequency components. The GaAs antenna gap is 15 mm.
The image was acquired using a CCD and the binning was used to improve the SNR. The dimensions of the image frame in pixels were 107 × 107. One hundred CCD frames were averaged at each time delay, again to improve the SNR.
If we use the first Born approximation, the scattered wave can be directly used to reconstruct the target. The scattered wave is
where u o is the incident THz wave without the sample, and u M is the measured THz wave with the sample present. When the first Rytov approximation is used, we can use the following term to reconstruct the image of a target
The THz diffraction patterns were measured by rotating the target to different projection angles. Figure 22 shows the THz waveforms measured at the centre of the ZnTe sensor for three different projection angles. Due to the scattering, the THz waveforms show a high electric field at the time delay after the main incident peak. According to equation (90) , the scattered wavelet component u s can be obtained by subtracting the incident waveform from the waveforms with the target present. Figure 23 shows the waveforms of the scattered wavelets u s for the measurements shown in figure 22 . The high electric field pulses shown in figure 23 at the time delay far behind the incident main peak imply that the first Born approximation in this case is not a good description of the scattering process in this experiment. Because the scattering process strongly depends on the incident wave frequency, picking out a frequency to perform the initial reconstruction for the THz DT experiment is very important to initialize the reconstruction algorithm. Figure 24 shows the Fourier transformation of figure 23 . From figure 24 , it is obvious that the significant diffraction or scattering happens in the frequency range below 0.5 THz, whose wavelengths are comparable to the cylinder size of the polyethylene sample. For this polyethylene sample, we found that the first Rytov approximation provided a better reconstruction. The reconstruction result using the first Rytov approximation is shown in figure 25 . In this reconstruction, we use the frequency component of 0.2 THz to reconstruct the target. The reconstruction result shows that the THz wave at this frequency provides the best reconstruction in the present imaging system. The relationship between the image quality and the THz frequency will be discussed in section 3.4.
We have discussed in section 2 that DT is able to provide a refractive index distribution, which is shown in Figure 25 . The reconstructed target image using the first Rytov approximation. figure 26. Although we are able to approximately reconstruct the basic tomographic image of the target shown in figure 21 , the reconstructed refractive index is smaller than the actual value because the Rytov approximation assumes a slow refractive index change over an incident wavelength. The THz wave at 0.2 THz has a wavelength of 1.5 mm, and the widths of the cylinders are 2 mm. Therefore, the reconstructed refractive index distribution of the target is averaged by the refractive index of the background. This problem could be resolved by using a THz wave with a higher frequency. Figure 26 also shows a large uncertainty in the reconstructed refractive index of the background. This large uncertainty implies that we still need to improve our image reconstruction algorithm as well as to improve the SNR of the present imaging system.
THz DT image quality and THz wavelength
For any imaging system, the ultimate goal is to obtain an image that can be used to reveal as much of the structural information about the object under study as possible. Therefore, the image quality can be evaluated by the similarity between the object and its reconstructed image. Here, we define the reconstructed image quality as the normalized correlation coefficient between the object and the reconstructed image. The image quality can be written as [68, 69] 
where i and j are the pixel index, O is the object function, O the mean of the object function, I the reconstructed image function andĪ the mean of the image function.
The image qualities of the THz DT at various frequencies are shown in figure 27 . As the THz frequency increases, the reconstructed image quality initially increases and then decreases with the THz frequency. In the THz frequencies of 0-0.2 THz, the better image quality at higher frequencies is due to the broadening spatial frequency bandwidth of the imaging system (see figure 20) . For the THz frequencies higher than 0.4 THz, the poor SNR of the THz measurement results in poor image quality at higher frequencies. Figure 28 shows the SNR versus the THz frequency. 
Terahertz computed tomography
Imaging system design
We have already discussed in section 2.4, that the THz wave unlike the x-ray, does not satisfy the short wave limit. For example, if we try to image a 10 cm target using a THz beam with a 10 cm Rayleigh range, the minimum THz beam size will be 6 mm (electric field waist). Therefore, if we treat the beam as a ray-line, the resolution cannot be better than 6 mm. This implies that the resulting image contains only 30 × 30 pixels. Nevertheless, a THz beam with a large Rayleigh range cannot be treated as a thin ray-line as is the case in x-ray CT. We need to create an imaging environment such that the computed tomographic algorithm is still valid.
According to the assumption on which equation (24) is based, we have designed a system with a term (γ − k 0 )(d − z ) smaller than 1. Figure 29 shows the imaging system used for THz CT. The THz beam is focused onto the target by parabolic mirror 1, and the transmitted THz field is then imaged onto a ZnTe EO sensor using parabolic mirrors 2 and 3. After the probe beam is transmitted through a polarizer P1 and an ITO THz mirror, the THz beam and probe beam propagate collinearly through the ZnTe sensor. The detector is a conventional balanced photo diode. If we neglect the beam offset in the x-direction (as shown in figure 30 ), under the paraxial condition the last two parabolic mirrors function as a lens with an effective focal length of f . The focal length f is given by 1
Therefore, functionally, the THz imaging system is equivalent to a thin lens imaging system. We can discuss the imaging mechanism of the THz CT system using the conceptual illustration shown in figure 31 . The THz CT mathematical model discussed in section 2.3 is based on the assumption that the incident THz wave is a planar wave. In the imaging system shown in figure 29 , the Rayleigh range of the THz beam in the target space is 5 cm, and the size of the target to be imaged is 4 cm. Because the Rayleigh range of the THz beam is larger than the size of the target, the THz beam in the target space can be treated as a planar THz wave [82] .
According to equation (35) of section 2, the CT measurement should satisfŷ
Suppose we only measure the diffracted wave within a very small diffraction angle
combining equations (94) and (95), we obtain
For the wave with a wavelength of 0.3 mm and a small diffraction angle such as 5˚, the required (d − z ) is about 10 mm. This measurement distance is very inconvenient in practice for the THz EO sampling measurement. A solution to this problem is to use a lens to transfer the field near the target to a location where the THz EO sampling measurement can be comfortably performed. In figure 31 , the lens imaged the field on the plane Mo onto the plane Mi, which is the ZnTe EO sensor plane. The plane should be close enough to the target so that equation (96) is satisfied.
Two-dimensional imaging
Depending on the THz frequency response, we can use the THz amplitude peak time, frequency amplitude and phase to reconstruct the THz tomographic image. For example, when imaging a polystyrene sample, because the refractive index and the extinction coefficient of polystyrene are very small (see figure 32) , according to the discussion in section 2.3, we can use the peak time of the THz wave form to reconstruct the THz tomographic image. To demonstrate THz CT, we used a polystyrene sample (as shown in figure 33 ), to test the THz two-dimensional CT. The 'T', 'H' and 'Z' characters are engraved into a rectangular polystyrene cylinder as shown in figure 33. The sample is raster scanned along the x-direction.
At each x-position, the sample is rotated from 0 to 180˚in steps of 1.8˚. Therefore, the projection number is 100 at each x-position. Figure 34 shows the THz wave forms at three different projection angles of 0˚, 60˚and 120˚, respectively, all of them being measured at the x = 0 position. In figure 34 , the transmitted waves are delayed to different times at different projection angles. Figure 35 shows the sinogram of this CT measurement using peak times. Using this sinogram, we reconstructed the slice image (figure 36) of the rectangular cylinder sample. The dimension parameter agrees well with the object top view photograph shown in figure 37 . We also reconstructed the object using the peak amplitude. However, due to the weak absorption and strong scattering of polystyrene foam, we found the contrast of the reconstructed image was very poor. As discussed in section 2.3, if we make a Fourier transformation, we can also use the phase and amplitude at each frequency to reconstruct the tomographic image. Figure 38 shows the THz spectra of three different projection angles at the x = 0 position. Figure 39 shows that the measured phase varies with the THz frequency for the spectra shown in figure 38 . In the same way as in peak time reconstruction, we can use the phase to make a sinogram. Figure 40 shows the phase sinogram of the THz CT measurement at the frequency of 1 THz.
Using the sinogram shown in figure 40 , we reconstructed the slice image of the rectangular cylinder sample as shown in figure 41 . For this sample, the image quality of the reconstruction using phases at 1 THz is equivalent to the quality obtained by using the peak time. We have also tried to reconstruct the slice image using the THz amplitude at 1 THz. Again, the slice image we obtained had a very low quality. The slice image obtained using the phase or time is much better than that obtained using the amplitude. This is due to the strong scattering of the foam, which resulted in poor contrast.
Three-dimensional imaging
Although the set up show in figure 29 is capable of taking threedimensional THz images, this would require us to scan four dimensions, which are the x, y, time and rotational dimensions. In a general situation, with the data acquisition period of 30 ms, it will take 17 h to acquire the THz CT images with 100×100 pixels, 200 time delays and 60 projections. One way to speed up the acquisition is to use the chirped probe beam THz measurement technology that was demonstrated by Jiang and Zhang [26] in 1998. The chirped probe beam THz measurement uses a linearly chirped probe beam rather than a sharp femtosecond pulse to detect the THz pulse. Figure 42 shows a schematic of the THz CT system using the chirped probe beam technique. The hardware is a relatively simple extension of the THz imaging system shown in figure 29 . The target sample is mounted on a rotational stage that allows it to be rotated, and a twodimensional THz image is obtained at each projection angle. THz pulses are generated using a regeneratively amplified Ti : sapphire laser (Spectra-Physics Hurricane) with an average output power of 700 mW, a centre wavelength of 800 nm, a pulse duration of 130 fs and a repetition rate of 1 kHz. The ultrafast laser pulses are split into pump and probe beams. The pump beam is incident upon a 14 mm wide aperture photoconductive antenna with a bias of 2000 V, and it triggers the antenna to generate THz pulses that are focused on the target by parabolic mirrors. The probe beam is linearly chirped by a grating pair to a pulse width of 30 ps. The THz temporal profile is encoded onto the probe pulse via a 4 mm thick ZnTe EO detector crystal and a pair of crossed polarizers. A spectrometer and a CCD camera are used to recover the THz signal. The THz radiation is focused by off-axis parabolic mirrors to a spot size of approximately 3 mm on the target. The transmitted THz pulse is collected with parabolic mirrors and focused onto a 4 mm thick 110 ZnTe EO detector crystal. With the chirped probe beam THz measurement technique, the full THz waveform can be measured using a single THz probe pulse, dramatically accelerating the imaging speed.
The sample used to demonstrate three-dimensional THz CT imaging is a table tennis ball. The sample was mounted on an x-y translation stage and raster scanned for image acquisition. The sample was rotated and then the THz waveform was recorded at each projection angle. Figure 43 shows the reconstructed slice image using the peak time at different y positions. Figure 44 shows the reconstructed three-dimensional dielectric ball; the ball is cut open for clearance so that the inner wall can be shown. The thickness of the spherical wall is thicker than the actual value because of the high refractive index of the ball's shell. Our THz CT model is based on the first Rytov approximation, which assumes a slow refractive index change over a wavelength. Therefore, the reconstructed refractive index also changes slowly and the reconstructed image with a thick wall results. Further more, the Fresnel loss cannot be neglected in the case of high refractive index because the loss results in a poor validity of the CT reconstruction algorithm.
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A piece of turkey bone shown in figure 45 was imaged using this THz CT system. Again, we obtained the three-dimensional image of the sample. However, we are not able to resolve the fine structure of the bone using the image shown in figure 45(b) . This can be interpreted by a poor applicability of the reconstruction algorithm. THz CT assumes that the scattering and absorption are weak. However, the size of the fine structure inside the bone is comparable to the THz wavelength and causes significant scattering, which results in a poor validity of the reconstruction algorithm.
Spatial resolution
One important image parameter is the resolution. In the past, many resolution criteria have been proposed [70, 71] . Of all the diffraction-related resolution criteria, the classic Rayleigh criterion is the most famous. The classic resolution criterion is concerned only with calculated images. Nevertheless, the measurements are never noise free and the resolution is SNR dependent. In the past two decades, the progress in signal processing has provided various methodologies to improve the image resolution [72, 73] . In this paper, we determine the resolution of THz CT using a practical criterion: the ability to resolve two points. In order to investigate the resolution of THz CT, we used a piece of polystyrene cylinder drilled with hole pattern shown in figure 46(a) . Figure 46(b) shows the top view photograph of the sample. The wall thickness between the closest hole pair is 0.5 mm, and the diameters of these two holes are 2.5 mm. Using the experimental set-up shown in figure 29 , we performed THz CT imaging measurements for this sample. Figure 47 shows the reconstructed image using THz peak time.
Comparing figures 46 and 47, we can find the resolution of the reconstructed image is 0.5 mm, which is the thickness of the wall between the closest hole pair. However, it is possible to enhance the resolution using image processing algorithms [74, 75] . In section 2, we discussed the phase measurement of THz CT.
In the imaging system using a single lens, the measured image field shown in figure 31 can be written as 
However, due to the finite lens aperture and the fact that the
is not zero, the delta function is not strictly a delta function. If we approximate the delta function using a Gaussian function [54] , then the phase measurement is a convolution of this Gaussian function and the object function,
where l is a parameter depending the imaging system. If l → 0, the system can be described by equations (97) and (99). The measured phase is
The reconstructed function is V (r ) ⊗ H (x, y), and the object function can be written as
When the noise has to be accounted for, the object function can be recovered using a Wiener filter
where P n and P f are the power spectra of the THz wave and its noise, respectively. Using equation (104), we processed figure 47 and the result is shown in figure 48 . Comparing figure 48 with figure 47, we found that the two closest holes can be clearly identified. Therefore, the resolution is better than 0.5 mm. Figure 49 shows the reconstructed function for the sample along the line AA (see figure 46(b) ) and we can clearly see the improvement of the resolution after using the Wiener filter. 
Refractive index function extraction
For three-dimensional THz imaging, we also want to extract the spectroscopic response information from the target understudy. Figure 50 shows the reconstructed refractive index distribution. If we reconstruct the refractive index at each THz frequency, in principle we will be able to obtain the refractive index distribution function. However, the resolution of the THz imaging is wavelength dependent. Thus, the measured THz refractive index function for each pixel will also be wavelength dependent even for a target with a wavelength independent refractive index. According to the last section, we regard the reconstructed image as a convolution between the object function and a Gaussian function. Therefore, in the case of poor resolution, the measured refractive index for a given pixel will be averaged by its neighbouring pixels. Figure 51 shows the reconstructed refractive index function for four points h1, h2, A and B, respectively. h1 and h2 are the centre pixels of two holes shown in figure 50 , while A and B are the points inside polystyrene. The measured refractive index function curve (TDS-M) using THz-TDS is also included in the figure for comparison. Due to poor SNR in the low and high frequency ranges, the reconstructed refractive index for points A and B is low. The image quality versus the THz frequency is shown in figure 52 . In the THz frequency range with the image quality higher than 0.5, the reconstructed refractive index function for point A will have a similar curve compared to the measured refractive index function. Studying the reconstructed refractive function for points A and B, we found that the reconstructed refractive index of a point tends to be averaged by the neighbouring pixels of a point to be reconstructed. Point B is closer to holes compared with point A; therefore, the contribution of its neighbours results in a lower refractive index than that of point A. Both reconstructed refractive indices of points A and B are lower than the measured refractive index. This is also due to the partial contribution from the holes and the pixels beyond the sample itself. This average effect is induced by the finite resolution of the imaging system, and the resolution is seriously affected by the image quality. Figure 52 shows the image quality and the resolution versus the THz frequency. When the image quality is higher than 0.8, the resolution improves with increase in the THz frequency. The poor image quality in the lower and higher frequency ranges is related to the SNR. Figure 53 shows the SNR versus the THz frequency. The SNR initially increases with the THz frequency. Upon reaching a peak at 1 THz, the SNR decreases with the THz frequency. The low SNR in the low and high frequency ranges resulted in poor image quality.
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Topical Review Figure 53 . The SNR of THz measurement versus THz frequency.
Terahertz Fresnel lens tomography
THz Fresnel lens
Lenses are basic elements in an optical imaging system. In imaging and THz-TDS technologies, THz wave focusing and collimating have relied mainly on parabolic mirrors, silicon lenses and polyethylene lenses. However, for a THz beam, it is impossible to fabricate lenses with short focal lengths and large numerical apertures by using silicon or polyethylene. For two-dimensional CCD THz imaging, it is very difficult to obtain a high-quality THz image on a ZnTe sensor by using parabolic mirrors because of their aberrations and the difficulty of alignment. However, fabricating a large numerical aperture THz binary lens with a short focal length is possible by using modern planar microfabrication technology, which makes such lenses attractive for THz imaging applications. Binary lenses are much lighter and more compact than conventional THz optics and lend themselves to unique beam forming, and so they may see increasing usage in the future. Figure 54 shows a plot of the phase profile versus the square of the radius of a binary lens with phase level L, where L = 2 M , M = 1, 2, 3, . . .. The diffracted wave amplitude, u(z), along the z-axis of the binary lens can be written as [76] 
p is the Fresnel zone period with the area dimension, s the area of the binary lens and λ is the wavelength.
If n/r 2 p + 1/(2lz n ) = 0, a maximum diffraction intensity can be obtained at the focal point z n :
The diffraction efficiency η is defined as
The first-order focus is defined as the main focal point with the focal length f = z −1 = r 2 p /2λ. As seen in equation (107), the diffraction efficiency increases rapidly with the number of phase levels, L. The calculated diffraction efficiency η theory versus L is shown in table 1. For a binary lens with L = 8, the diffraction efficiency reaches 95%, in contrast with an Al zone plate or a 2-level lens, which has a 41% efficiency. 2-Level, 4-level and 8-level lenses, with a 30 mm diameter consisting of a total of 14 zones, were fabricated on silicon wafers by ion etching [77] . Silicon has a refractive index of 3.42 in the far infrared region from 0.5 to 1.5 THz, therefore, the required etch depth, l/[L(n THz − 1)] is small and a thin binary lens can be fabricated. The lenses are designed for 1 THz with a focal length of 25 mm. An aluminium zone plate of identical dimensions has also been fabricated with the same silicon substrate material for comparison. Figure 55 schematically illustrates an EO imaging set-up with a CCD camera used to characterize the focal properties of these lenses. The THz wave generation, expansion and detection is the same as the set-up shown in figure 11 of section 3. The probe beam is reflected from the ZnTe sensor surface on the binary lens side, and then modulated by the THz field on the ZnTe sensor. A pellicle is used to reflect the modulated probe beam to CCD via a lens. In this experiment, we define a laboratory coordinate system as follows: the axis of binary lenses was selected as the z-axis, the x-axis is parallel to the optical table and the y-axis is perpendicular to the optical table. By scanning the time delay between the THz and probe beam and moving the binary lenses along the z-axis, we are able to obtain the spatial and temporal THz distribution for each lens. Figure 56 shows the photos of the three binary lenses under study and the figures of the THz intensity distribution on their focal plane. The level numbers of these lenses are 2, 4 and 8, respectively. They are designed to have a focal length of 25 mm at 1 THz. The diameter of each of these lenses is 3 mm. Comparing the THz distribution on the focal plane for the three binary lenses, the focused THz intensity increases with the level number. As the level number of the binary lens increases, a smaller focal area and sharper focused THz peak can be observed. This corresponds to the enhanced diffraction efficiency, which increases dramatically with an increasing level number of a binary lens. Table 1 lists the calculated and measured diffraction efficiency of binary lenses at 1 THz. For convenience of testing, an aluminium THz Fresnel zone plate (FZP) was also measured. The diffraction efficiency of the aluminium FZP is quite close to the theoretical value of 41%, which indicates the correct Fresnel zone structure for the binary lenses. In our experiment, as the level number of the binary lens increases, the measured diffraction efficiency approaches the theoretical value. This result is in accordance with the rule of thumb: as the level number increases, the binary lens is more tolerant of fabrication errors [78] .
A Fourier transformation of the measured THz pulses was performed to allow the frequency dependent response of the binary lenses to be studied. For each frequency, the focal length was determined by finding the lens-detector separation that results in the maximum THz intensity. Figure 57 shows that the focal length increases with the THz frequency for an 8-level THz binary lens, the experimental result is well fitted by the theoretical curve derived from equation (106). For a conventional lens, all rays focused at the focal point have the same phase. However, for a binary lens, rays that come from different zones have different phases. The phase difference is an integer multiple of 2π . Figure 58 shows the waveform of the THz wave focused at the focal point by an 8-level binary lens. The multiple oscillation waveform of the focused THz wave resulted from the superposition of the THz waves coming from different zones. Due to the frequency dependent focal lens, a binary lens focuses different frequencies to different points along the z-axis. Figure 59 shows the THz wave distribution in the frequency domain on the z-y plane.
The THz wave distributions in the z-y plane for the 8-level binary lens are shown in figure 60 . The THz wave forms a number of rings after propagating through the binary lens; the rings converge to a focal point. The convergence becomes tighter as the level number of the lens increases. If we consider the phase change around the focal point, the phase variation also becomes more and more similar to that of a conventional THz lens as the level number of the binary lens increases. As figure 60 shows, the Guoy phase shift [79] is clearly observed for the 8-level lens. . Schematic illustration of the THz binary lens imaging set-up. Sample OT, OC and OU with different patterns were placed at 3, 7, and 14 cm away from the binary lens (BL), respectively. Polarizers P1 and P2 were used to detect the polarization change of the probe beam. The lens was used to transfer the THz image from the ZnTe sensor onto the CCD chip.
Binary lens imaging
In general, tomographic measurement requires the rotation of the sample or the use of a detector array surrounding the sample [44, 80] . However, in certain conditions, this type of movement or a detector array geometry may not be suitable, for example, if the sample is too large or if its location prevents rotating or mounting a detector array around the sample. According to the discussion in section 2, the linearly frequency-dependent focal length of a binary lens can be used to obtain the tomographic image of a target using a multiple frequency beam without moving targets. Figure 61 schematically illustrates the THz binary lens image set-up, in which the THz generation and expansion are the same as the one used for the characterization of THz binary lenses. An ITO THz mirror was used to reflect the THz wave so that it could propagate through the ZnTe sensor collinearly with the probe beam. The imaging lens was a 30 mm diameter silicon binary lens with a focal length of 2.5 cm at 1 THz (r Such an imaging system, according to the discussion in section 2.4, is equivalent to a single lens imaging system except that the focal length is different for various frequencies. The relation between object distance and beam frequency is
As stated in section 2.4, in a Fresnel lens imaging system using a frequency ν, only the two-dimensional object at the position d o that satisfies equation (108) can be well imaged on the fixed image plane. This implies d i uniquely corresponds to the frequency ν.
The measured inverted images of these patterns are shown in figures 62(d)-(f ). The image size and frequency of each pattern are listed in table 2. At each frequency, the binary lens imaged a pattern that corresponds to a certain depth, while images from other patterns remained blurred. The ratio of the measured image size to the actual size of the corresponding pattern is defined as the measured magnification factor M m , which agrees well with the theoretically predicted magnification factor M t , as shown in table 2 for each sample. Using another set of masks, on which the characters 'T', 'H' and 'Z' are opened, respectively, as imaging objects, we obtained the images at their corresponding frequencies. This THz imaging schematic is shown in figure 63 . Again, the object distance and the imaging frequency for each target agree very well.
Image quality and resolution
The image resolution on the image plane can be determined with the edge-spread function [81] . From figure 62, we found that the resolution along the pattern plane is about 1 mm, which is limited by diffraction. Here, we mainly address the depth resolution.
To study the depth resolution along the z-axis, we evaluated the relation between d i , d o and the frequency ν. Several factors may limit the resolution of the tomographic image along the z-axis, which is defined as the depth resolution. The first one is the THz frequency measurement resolution, which can be estimated by differentiating equation (108), which results in
For a broadband THz wave with a frequency resolution of δν = 75 GHz at ν = 1 THz, from equation (109), the estimated depth resolution δd o = 5 mm (for d i = 7.4 cm). The second factor limiting the depth resolution is the THz beam depth of focus, which is defined as twice the Rayleigh range of the THz beam on the image plane. The depth uncertainty resulting from the depth of focus is determined to be the depth of focus divided by the square of the magnification factor [82] , which is a function of z. The measured depth of focus is 3 mm at 1 THz (d i = 4.6 cm, d o = 6 cm and δν = 19 GHz), which corresponds to a depth resolution of 5 mm. The third factor is the caustic curve that is induced by the non-paraxial ray. In the case that the depth of focus limits the depth resolution, one can use a larger numerical aperture binary lens to improve the depth resolution. And when the frequency resolution limits the depth resolution, it can be improved by increasing the frequency measurement resolution. In our experiment, the numerical aperture of the binary lens limited the depth resolution. The image resolution also strongly depends on the image quality. We still use the image quality defined in section 3, and the measured image quality versus the THz frequency is shown in figure 65 . Under the paraxial ray approximation and weak scattering, when the magnification increases, the illumination energy at each pixel will decrease; hence the image contrast against the background noise will decrease too. Therefore, the image quality, in theory, decreases inversely with the magnification factor, which implies that the image quality should increase with the image frequency. (Figure 64 shows that the d o increases with THz frequency, therefore the magnification factor decreases with THz frequency.) However, there were two factors that resulted in poor image quality. One is related to the THz wave frequency distribution; the THz amplitude dropped to 60% at 1.24 THz and 30% at 1.57 THz compared with that at 0.75 THz as shown in figure 66 .
The other factor is that the image information can be distorted by other samples. For example, the image information of the OU sample experienced more scattering compared with samples OC and OT (see figure 55 ). In the case that the separations between the samples are very small, we should in principle be able to enhance the image quality of each sample by using the algorithm discussed in section 2.4. Nevertheless, the effectiveness of such an algorithm relies on the image measurement with a high SNR. In this experiment, we do not have a large enough SNR; therefore, we are not able to demonstrate tomographic imaging using a target consisting of samples with small separation. In this experiment, it is also possible to enhance the image resolution by using the proper filter. For a single lens imaging system, several researchers have demonstrated an improvement of the image using a Wiener filter [83] [84] [85] . One example is the triangle image shown figure 62, which has been processed with a Wiener filter. The comparison between the original image and the image processed with the Wiener filter is shown in figure 67 . Compared with other THz wave imaging methods (such as time-of-flight, or conventional THz CT) that may provide the spatially resolved spectroscopic information, one major limitation with using the binary lens is that the image contains no spectroscopic information. Although this demonstration uses broadband THz radiation as the imaging beam, such a tomographic imaging concept is also applicable to a tunable narrow band imaging beam, and can be applied to other frequency ranges, including the visible range.
Three-dimensional THz digital holography
THz multiple scattering measurement
In section 2.5, we discussed multiple scattering. Multiple scattering can be described using the Born series, which allows us to perform THz holographic imaging in the time domain. The conventional continuous wave holography only contains the phase and amplitude information. However, in the case of multiple scattering, it is very difficult to obtain a holograph with good image quality. For THz holographic imaging, in addition to the phase and amplitude information at each frequency, THz pulses also contain the temporal information that may be used to separate scattered wavelets with different scattering orders. Therefore, the temporal information is very useful in reconstructing three-dimensional holographic images.
The set-up used to demonstrate THz holography is a twodimensional CCD THz imaging system shown in figure 68 . The THz generation and measurement mechanism is the same as the one used in section 5.1. A Gaussian THz beam propagates through samples S1 and S2 and is reflected towards a ZnTe EO sensor by an ITO THz mirror, where the transmitted optical probe beam propagates collinearly with the THz beam. The probe beam is modulated by the diffracted THz wave on the ZnTe EO sensor via the EO effect, thereby transferring the THz wave diffraction pattern onto the probe beam. By changing the time delay between probe and THz beams, the THz diffraction pattern carried by the probe beam at each time delay is recorded using a lens and a CCD.
To measure the multiple scattered THz wavelets, we used two 3.5 mm thick polyethylene plastic sheets, each having a 1.8 mm diameter hole. There are multiple scattering paths through the target. When the THz wave propagates through a hole, it arrives at an earlier time delay compared with the wave propagating through the plastic sheets. In this paper, we define the wave propagating through the holes as the scattered THz wave. The THz temporal waveform is recorded at each pixel of the CCD. The measured wavefront and a schematic scattering path are shown in figure 69 . The scattered wavelets have three possible paths:
(1) W1 results from the THz wave scattered twice by the samples and arriving at the earliest time delay. (2) W2 is the wave scattered once by the samples, its wavefront shows a superposition of two circular curve wavefronts with different radii, indicating that the W2 wave consisted of the waves scattered by S1 and S2, respectively.
(3) W3 is the wave transmitted by both polyethylene sheets and arriving at the latest time delay. Its wavefront still keeps the same planar shape.
In figure 69 , we can also see that W1 does not contain S1 information. Therefore, it is reasonable for us to assume that the scattered THz photons only contain the position information of the last scatterer on their paths.
The target used to demonstrate THz holography consisted of two 3.5 mm thick polyethylene plastic sheets, samples S3 and S4, each having triple-hole patterns. A schematic of this experimental arrangement is shown in figure 70 .
The distances from S3 and S4 to the ZnTe sensor were 4.5 cm and 9 cm, respectively. The separation between the holes on each sample (6 mm) is much larger than the peak wavelength of the THz beam (0.3 mm), and the hole diameters were 1.8 mm. The THz waveform measured at the centre pixel is shown in figure 71 . This waveform shows three distinct pulses, W1, W2 and W3, which start at around 3.4 ps, 9.2 ps and 15 ps, respectively. We can infer additional information by studying the timing of these pulses at each pixel of the sensor. Figure 72 shows the measured THz wavefront along three lines labelled A, B and C on the ZnTe crystal, respectively. Pulse W3 arrives at the latest time and its timing is largely invariant with respect to sensor position. It corresponds to the non-scattered THz planar wave transmitted though both plastic sheets S3 and S4. Pulse W1 arrives at the earliest time delay and results from the waves that are multiply scattered by the holes of both S3 and S4 samples. Pulse W2 is a superposition of the waves that have been scattered once by the holes of either S3 or S4. As seen in figure 71 the scattered waves W1 and W2 are weak compared with the non-scattered wave W3.
In figure 72 , we find that:
(a) the wavefront W1 measured along line A is very similar to a single hole diffraction pattern as demonstrated in figure 69 ; (b) the wavefront W1 measured along the line C is very similar to the diffraction pattern formed by a double hole diffraction; (c) the wave front W1 measured along the line B is similar to a pattern that is the superposition of the single hole and double hole interference patterns.
The above observations further support our assumption that the multiply scattered THz photons only contain the position information of the last scatterer along their paths.
Windowed Fourier transformation and local spectra
Fourier analysis is ideal for analysing stationary periodic signals. However, it is of limited use when processing non-stationary signals because the frequency information is extracted for the complete duration of the measured signal, while the event with the most interesting spectra happened within a short, specific time duration. A method for studying such local spectra is to truncate the wave in the region of interest and perform the discrete Fourier transformation, namely the windowed Fourier transformation [86, 87] . The conventional Fourier transformation is and the windowed Fourier transformation is
where g(t) is the window function. By using the windowed Fourier transformation, we are able to separate the scattered wavelets with different scattering orders. This method allows us to select the 'localized pulse' that contains the 'local hologram', which results mainly from the scattered waves having the same scattering order. For example, we can use the window shown in figure 71 to truncate out the 'localized pulse' W2. The windowed Fourier transformation of this 'localized pulse' provides amplitude and phase information as a function of frequency as is required to reconstruct the target. Figure 73 shows the windowed Fourier transformations for W1, W2 and W3, respectively.
The cut-off frequency of the W1 'local spectrum' is higher than that of the W2 'local spectrum' and the cut-off frequency of the W2 'local spectrum' is higher than that of the W3 'local spectrum'. This is because, for a given aperture, the low frequency EM radiation has a larger impedance, compared with the high frequency EM radiation [89] .
Tomographic image reconstruction
According to the measured diffraction pattern, the twodimensional reconstruction of the scattering centre distribution was carried out using the back propagation method [88] . This reconstruction algorithm is based on the Fresnel-Kirchhoff diffraction formula [54] and can be written as
where λ is the THz wavelength, M 1 the measurement plane on the ZnTe sensor surface, P 1 a point on the measurement plane, P 0 a point on the reconstructed target plane, r 01 the distance between the measurement point on the ZnTe EO sensor and the image point,n the normal of the measurement plane and u(P 1 ) is the windowed Fourier transform of the measured THz waveform at a frequency ω = 2πc/λ.
We commenced the three-dimensional reconstruction by analysing the hologram formed by pulse W1. A window is set to capture W1 and then the windowed Fourier transformation is performed. Backpropagating W1 field components at a frequency of 1 THz, we reconstructed the field distribution for sample S3 according to equation (113). According to the timing analysis, W1 consists of the twice scattered wave that has passed through the holes in S3 and S4. However, S3 is the last sample W1 passed; considering the assumption in the last section that the scattered wave only contains the position information of the last scatterer, we back propagate W1 and this yields the location of the scatterers in S3. Implementing equation (113) requires knowledge of the distance (along the beam propagation direction) between the sensor and the target plane. This distance is known a priori in many holographic applications; however, it is unknown in general inspection applications. We overcome this problem by performing the reconstruction at multiple distances and choosing the distance at which the reconstructed field is maximized. This is successful for our target as the back propagation algorithm serves to 'focus' the diffracted radiation back onto the scatterers on the target plane. For a series of point scatterers the field is maximized when the scatterers are in focus. Alternatively, we could use the curvature of the spherical waves seen in figure 72 since the radius of curvature of the spherical waves equals the distance to the target plane. Methods of extending these techniques to more general targets are an important future research focus.
We then analyse the hologram Wh2 resulting from W2. Similar to the reconstruction procedure for W1, we windowed the W2 pulse and carried out the windowed Fourier transformation because W2 contains two contributions, one from S3 and another from S4. Wh2 is a superposition of two diffraction patterns resulting from S3 and S4, respectively. Since we already have the reconstruction of S3, we can forward propagate (using the Fresnel-Kirchhoff formula) the planar THz wave W3, through the reconstructed S3 to estimate the contribution of S3 to W2. This is then subtracted from W2 and the remainder is backpropagated to determine S4. To express this algorithm mathematically we define two complementary operators:
where r is the perpendicular distance between the sensor and target planes. We assume that W3 is approximately equal to the input wave u 0 and observe that
where S3 and S4 are binary spatial masks matching the geometry of the targets, d 2 is the perpendicular distance between S3 and S4, d 1 the perpendicular distance between S3 and the sensor, and the over bar indicates the estimated value.
If there are point scatterers on more than two target planes, additional pulses will be observed in the THz response and similar algorithms may be employed simply using additional steps for each reconstructed plane. The reconstructed images of S3 and S4 are shown in figures 74(c) and (d). The reconstructed distances from S3 and S4 to the ZnTe sensor were found to be 4.6 cm and 9.3 cm, respectively, in good agreement with the actual separations. The reconstructed images show excellent correspondence with the target geometry (shown in figures 74(a) and (b)), although the holes in the far plane S4 are slightly blurred.
We replaced S3 with S5, S4 with S6 samples and repeated the THz scattering measurement. Figure 75 shows an additional reconstruction of two different samples using the same image reconstruction procedure. Again a good agreement with the expected result was observed.
By utilizing the temporal information available in coherent THz measurements, we have demonstrated threedimensional THz tomographic holography using windowed Fourier transformation together with digital holographic techniques based on back propagation of the FresnelKirchhoff diffraction equation. This technique adds to the important field of three-dimensional THz imaging to allow the three-dimensional identification of point scatterers in a homogeneous background medium using THz-TDS measurements. Applications may include the identification of bubbles or fractures in manufactured components and security inspection. Work is ongoing to extend the generality of the reconstruction algorithms.
Image quality and multiple scattering
In previous sections, we have already observed that the image resolution and the reconstructed object refractive index strongly depend on the image quality, which is determined by the SNR of the THz measurement. Therefore, the investigation of the image quality is very important for THz holography. The image quality versus the THz frequency is plotted in figure 76 , where we can observe that the image quality of S4 is always lower than that of S3. This can be explained by the fact that the image quality of the S4 sample depends on the image quality of S3. If the image quality of S3 is poor, then the reconstruction algorithm uses less accurate input to reconstruct S4 and the image quality of the reconstructed S4 is poor too. The relationship between image quality and THz frequency is clearly correlated with the scattered THz spectrum (see figure 73 ). In the low frequency range below 0.7 THz, the lower SNR resulted from the lower image quality due to the lower amplitude of wave W1. In the higher frequency range above 1.6 THz, the low amplitude of W2 results in low SNR and therefore low image quality of S4. The SNR of the THz measurement eventually determines the image quality [90, 91] .
Although the present algorithm can be implemented quickly, it is based on the assumption that the scattered THz photons only contain the position information of the last scatterer. This assumption is not strictly true; the scattered photons are actually influenced by all scatterers along their propagation paths. Here, we use this simple assumption purely for the simplification of the reconstruction algorithm. The usage of the windowed Fourier transformation is also for the simplification of the reconstruction algorithm. Because any wave actually starts from negative infinity to positive infinity time, more precise local spectrum acquisition should use the spectrum decomposition algorithm, which decomposes the measured THz waveform into a sum of scattering series with different scattering orders. However, such a reconstruction algorithm will impose such a huge load on a computer that it is not yet practical to use this kind of algorithm. In order to develop a more accurate reconstruction algorithm, we need more efficient mathematical methods and more powerful computers.
Discussion and conclusions
THz three-dimensional imaging technologies and application
In this paper, we investigated various THz three-dimensional imaging technologies. Although all of them are rooted in the Maxwell equation, their reconstruction algorithm and their potential applications are very different because their applicable physical environments and approximation methods are different. CT is a special case of DT when either the short wave limit condition is satisfied or the optical measurement can be approximated by ray integration. THz binary lens imaging is identical to the single lens image system except that this imaging system is wavelength dependent and the image formed on the fixed image plane reflects a two-dimensional slice image of an object in certain depth. This slice can be set by choosing a corresponding imaging wavelength. THz three-dimensional holography technology can be considered as a combination of a holography imaging system and a radar system. By selecting the scattered wavelets within certain interested time durations, it is possible to obtain the three-dimensional scattering centre distribution.
In THz DT, we studied the two-dimensional and threedimensional THz diffraction. Based on the EM wave scattering theory, we demonstrated THz diffraction tomography. In THz DT investigation, we found that the bandwidth of the imaging system strongly depends on the incident wavelength for a given sensor size. Therefore, in order to obtain the spectroscopic information from the object, the optical system has to be designed so that the bandwidth is wide enough to ensure accurate spectroscopic measurement. In principle, DT should have more application potential than CT. Nevertheless, because the interaction between targets and incident waves cannot be simply described by the first Born or Rytov approximation, DT often provides poor reconstructed images. We also find that the THz DT is more sensitive to SNR than THz CT. However, the image acquisition speed of THz DT is faster than THz CT, because THz DT does not need scanning the target along the x-direction.
In THz CT, we studied how to create an optical environment so that the THz CT algorithm can be applied to the THz optical imaging system. Based on this work, we designed the THz CT imaging system and demonstrated high resolution THz CT; the resolution achieved is better than 0.5 mm. We investigated the imaging quality versus the THz frequency, and found that when the SNR is high enough for a certain frequency range, the spectroscopic response of the target under study can be extracted. Compared with THz DT, THz CT is more suitable to obtain the spectroscopic image. The main drawback of THz CT is its low speed; therefore, it cannot be used for quick diagnostic imaging or examination.
In THz binary lens tomography, we demonstrated the feasibility of the concept of binary lens tomographic imaging. THz binary lens tomography may provide a fast tomography technology. THz binary lens tomography technology does not require that we scan, move or rotate the object, and its reconstruction algorithm is also relatively simple; therefore, it is possible to use a binary lens to build a fast tomographic imaging system. This technology can also be applied to other wavelengths such as visible beams, microwaves or acoustic waves. In our demonstration, we found that the image quality is lower than that obtained using THz DT. In order to improve the image quality, it is necessary to further promote the SNR. One fundamental drawback of THz binary lens tomography is that it is very hard to obtain spectroscopic information from the target, although this problem can be overcome possibly by scanning the image plane. The main application of binary lens tomography is to perform fast inspection imaging, such as detecting defects inside a dielectric object or component. Another important limitation of binary imaging is that it requires very high SNR to achieve reasonable depth resolution, which will hinder practical applications of binary lens imaging.
THz holography is also a fast tomography. It is based on the assumption that the separations between scattering centres are much larger than the incident wave pulse width. However, this technology depends on measuring the multiple scattering, and the SNR of high order scattering measurement is usually very poor. To obtain a good three-dimensional holograph, we may need to accumulate the image measurement so that a high SNR can be achieved. The higher the scattering order, the larger the accumulation number to be used. Like THz binary lens tomography, the requirement of high SNR will largely limit the applicability of the THz three-dimensional holography. Therefore, THz three-dimensional holography needs high SNR. As the image quality of the THz threedimensional holography strongly depends on the incident wavelength, THz three-dimensional holography is not a good method to extract spectroscopic information about the target. Like THz binary lens tomography, THz three-dimensional holograph can possibly achieve high-speed three-dimensional image acquisition, which is useful for some applications such as identifying sparsely distributed defects inside a dielectric object.
Potential for future work
Although we studied and demonstrated four types of THz three-dimensional imaging technologies, due to the limited experimental condition, only THz CT has been thoroughly studied. THz DT, THz binary lens tomography and THz three-dimensional holography require a larger size THz sensor to expend the bandwidth of the imaging system, and this sensor should have a uniform sensitivity so that the image measurements across the sensor surface are equally reliable. THz CT can be further investigated along the following line: how can one extract the refractive index function distribution of a target under study.
Using THz binary lens tomography, it is very interesting to see how this technology could be used to obtain the threedimensional image of a dielectric material target under the condition that the SNR of the measurement is adequate. Utilizing the back-scattered wavelet, it is also very interesting to use the THz three-dimensional holography to detect scattering centres, which may be used to detect the defects or flaws inside a dielectric material.
